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To ascertain the importance of amino-terminal proximal capsid protein (CP) sequences in cell-to-cell movement, virion
formation, and stabilization, two CP mutants of cucumber mosaic virus (CMV) were generated by deletion of sequences
encoding CP amino acids 15–40 (DSal-Nru) or 26–40 (DSac-Nru). Wildtype CMV and CMV containing DSac-Nru could infect
systemically four host species, although symptoms induced by the two viruses usually were different. CMV containing
DSal-Nru could only infect Nicotiana benthamiana and N. clevelandii systemically, but only slowly, suggesting phloem-
independent long-distance movement. A variant mutant designated DSal-Nru* could systemically infect N. tabacum as well
as the above two Nicotiana species, rapidly, but could not systemically infect Cucurbita pepo. Virus particles could not be
detected in plants infected by DSal-Nru, while DSal-Nru* and DSac-Nru formed particles of lower stabilities than for wildtype
virus. The CPs of DSal-Nru and DSal-Nru* could bind RNA in vitro, although less strongly than DSac-Nru or wildtype CMV.
These data indicate that amino-terminal proximal sequences of the CMV CP interact with viral RNA and are required for the
formation of stable virions. Moreover, while the CP is necessary for cell-to-cell movement, the ability to form virions is not
a prerequisite for cell-to-cell movement. © 1998 Academic Press
INTRODUCTION
The three-dimensional structure of cucumber mosaic
cucumovirus (CMV) shows strong similarities to that of
cowpea chlorotic mottle bromovirus (CCMV) (Wikoff et
al., 1997). These two viruses also show a number of other
similarities, including similar genome organizations, with
RNAs 1 and 2 each encoding one protein involved in
virus replication (Allison et al., 1988; Nitta et al., 1988;
Hayes and Buck, 1990) and RNA 3 encoding two proteins
required for virus movement (Allison et al., 1990; Suzuki
et al., 1991; Canto et al., 1997). CMV also encodes a
second protein on RNA 2, which has been implicated in
virus movement (Ding et al., 1995a). The precise role of
the RNA 3-encoded capsid protein (CP) in virus move-
ment is unclear. For CCMV, CP is not needed for cell-to-
cell movement in the epidermis of several hosts (Rao,
1997), but is required for long-distance (systemic) move-
ment (Allison et al., 1990), while virion formation is not
required for systemic infection (Schneider et al., 1997).
For CMV, CP is required for cell-to-cell movement (Suzuki
et al., 1991), even in the epidermis of inoculated leaves
(Canto et al., 1997), and sequences of the CP affect
interactions involved in long-distance movement via the
phloem (Shintaku and Palukaitis, 1990; Suzuki et al.,
1995; Taliansky and Garcı´a-Arenal, 1995).
Brome mosaic bromovirus (BMV) also requires its
CP for cell-to-cell and long-distance movement (Rao
and Grantham, 1995, 1996; Schmitz and Rao, 1996),
although in some hosts, limited cell-to-cell movement
occurs if high concentrations of inoculum are applied
(Flasinski et al., 1995). The amino acid sequences of
the CPs of bromoviruses and cucumoviruses show
limited sequence similarity (Wikoff et al., 1997); how-
ever, the amino-terminal 25 to 35 amino acids of these
CPs are all positively charged, containing 8–10 basic
residues (Wikoff et al., 1997). Deletion as well as
mutation analyses of some of these sequences in the
BMV CP gene have shown that the amino-terminal 7
amino acids have effects on virus movement in some
hosts but not others (Sacher and Ahlquist, 1989; Fla-
sinski et al., 1995), while RNA probably interacts with
sequences between amino acids 8 and 25 (Sgro et al.,
1986; Sacher and Ahlquist, 1989; Rao and Grantham,
1996).
For CCMV, the structure indicates that the amino-
terminal 25 amino acids are internal (Speir et al., 1995)
and it is suggested that this is also true for the amino-
terminal 22 amino acids of CMV, implying that these
amino acids may interact with the viral RNA and either
promote assembly or help to stabilize CMV particles
(Wikoff et al., 1997). In addition, amino acids 29–33 of the
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CCMV CP subunits form a b-hexamer structure and in
both CCMV and CMV (CP amino acids 38–42), these
sequences are postulated to support strong interactions
between hexamer subunits that may have a role in virus
assembly and stability (Speir et al., 1995; Wikoff et al.,
1997).
To determine whether the amino-terminal proximal se-
quences of the CMV CP have a role in RNA binding and
the formation of stable virions, as well as whether CMV
long-distance movement requires virions, two deletion
constructs of the CP gene in a full-length cDNA clone of
CMV RNA 3 were generated. The results presented here
are consistent with the data obtained with BMV (Sacher
and Ahlquist, 1989; Rao and Grantham, 1995, 1996) and
with predictions made for the involvement of certain
CMV CP amino-terminal sequences in CMV particle sta-
bilization (Wikoff et al., 1997). These data also indicate
that CP but not virions are required for cell-to-cell move-
ment.
RESULTS
Biological activity of CP deletion mutants
Two deletion constructs were generated within the CP
gene in a cDNA clone of Fny-CMV RNA 3 (pFny309).
These constructs resulted in in-frame deletions of nucle-
otide sequences encoding either amino acids 15–40
(DSal-Nru) or amino acids 26–40 (DSac-Nru) (Fig. 1). The
basic amino acid cluster near the amino terminus of the
CP is located between amino acids 11 and 22. Thus five
of the eight basic amino acids in this cluster were de-
leted in DSal-Nru, while all were present in DSac-Nru
(Fig. 1).
Plants of various species were inoculated with RNA
transcripts corresponding to the Fny-CMV RNAs 1 plus 2
and wildtype (wt) Fny-CMV RNA 3, DSac-Nru, or DSal-
Nru. In Nicotiana clevelandii or N. benthamiana, wt CMV
as well as CMV containing DSal-Nru or DSac-Nru were
all able to infect these host species systemically. The
FIG. 1. Encoded amino acid sequence of the capsid protein of Fny-CMV and the capsid protein of deletion mutant DSal-Nru*. The amino-terminal
sequences of the deletion mutants DSac-Nru and DSal-Nru are also shown. Amino acids identical to the Fny-CMV capsid protein are indicated by
dots and amino acids deleted are indicated by dashed lines. The DSac-Nru capsid protein contains a deletion of amino acids 26 to 40. The DSal-Nru
and DSal-Nru* capsid proteins contain deletions of amino acids 15–40.
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symptoms produced were similar for wt CMV and CMV
containing DSac-Nru, but were milder and slower to
appear for CMV containing DSal-Nru (Table 1 and data
not shown). Inoculation of tobacco, squash (Curcubita
pepo), or Chenopodium quinoa using either viral RNA
transcripts or buffered extracts from recently infected N.
benthamiana or N. clevelandii plants yielded the results
described below in the next subsection (see Table 1).
After multiple passage in tobacco, CMV containing DSal-
Nru infected tobacco systemically. On N. benthamiana
and N. clevelandii, symptoms induced by the variant
virus were more severe and appeared earlier than those
for CMV containing DSal-Nru (Table 1). Therefore, since
virus from this source demonstrated different biological
and biochemical properties from DSal-Nru derived from
RNA transcripts, this inoculum source was designated
DSal-Nru* and was characterized further.
The CP gene sequence in CMV RNA containing DSal-
Nru* was determined. As expected, the encoded CP still
contained a deletion encoding CP amino acids 15–40
(Fig. 1) and there were no sequence alterations border-
ing the deletion. However, the codons for three amino
acids had changed, such that Asp-81 (GAC) was re-
placed by Glu-81 (GAA), Leu-166 (CUG) was replaced by
Val-166 (GUG), and Met-173 (AUG) was replaced by Arg-
173 (AGG). No silent nucleotide changes in the CP gene
were detected.
Effect of CP deletions on virus movement
In C. quinoa, wt CMV produced chlorotic lesions on
the inoculated leaves with no systemic infection. The
chlorotic lesions showed limited spread, often coalesc-
ing and then becoming necrotic (Table 1; Fig. 2A). CMV
containing DSac-Nru produced smaller lesions that also
became necrotic, while CMV containing DSal-Nru pro-
duced only pinpoint chlorotic lesions (Table 1; Fig. 2A).
CMV containing DSal-Nru* produced lesions intermedi-
ate in size between DSal-Nru and DSac-Nru (Fig. 2A).
In tobacco, wt CMV induced a strong systemic mosaic
as well as stunting and leaf deformation, with few or no
symptoms produced on the inoculated leaves (Table 1;
Fig. 2B). CMV containing DSac-Nru also induced severe
systemic symptoms on tobacco, although the pathology
was somewhat different in appearance and systemic
symptoms appeared 2–3 days later (Table 1; Fig. 2B).
CMV containing DSal-Nru induced chlorotic rings on the
inoculated leaves of tobacco and no systemic infection
ensued (Table 1; Fig. 2B). No symptoms were induced on
leaves of tobacco inoculated with CMV containing DSal-
Nru*, although systemic symptoms were observed, dif-
ferent in appearance from those induced by wt CMV or
CMV containing DSac-Nru (Table 1; Fig. 2B). Thus CMV
containing DSal-Nru* had regained the ability to infect
tobacco systemically.
In squash, wt CMV occasionally induced chlorotic
spots on the inoculated cotyledons (Fig. 2C) and induced
severe stunting and a severe systemic mosaic (Table 1).
The systemic symptoms appeared 3–4 days postinfec-
tion (p.i.). CMV containing DSac-Nru also induced a sys-
temic mosaic on squash, although the symptoms were
slower to appear (5–7 days p.i.) and there was less
stunting (Table 1). Local symptoms were manifested as
large, spreading, chlorotic spots on the cotyledons which
became necrotic (Fig. 2C). CMV containing DSal-Nru*
induced only chlorotic spots on the inoculated cotyle-
dons, while CMV containing DSal-Nru induced only pin-
point chlorotic lesions in some inoculated cotyledons
(Table 1; not visible in Fig. 2C). These data also showed
that various CP mutants had different effects on systemic
infection in N. benthamiana (or N. clevelandii) vs tobacco
or squash.
Structural characterization of CP deletion
mutant viruses
Virus particles were not observed by direct electron
microscopic visualization of sap from N. benthamiana
plants inoculated with any of the CMV CP mutants.
Hence, ultracentrifugation of clarified extracts of N.
TABLE 1
Pathology of CMV Capsid Protein Mutants on Various Hosts
Host
CMV inoculum
wt DSac-Nru DSal-Nru DSal-Nru*
Nicotiana benthamiana sev Sys Mos, Sta sev Sys Mos mild Sys Mo Sys Mos
Nicotiana clevelandii sev Sys Mos, St sev Sys Mos mild Sys Mos; CLb Sys Mos
Nicotiana tabacum sev Sys Mos, St Sys Mos, Sys CL, Sys NL no Sys Inf; CLb Sys VC, Mo
Chenopodium quinoa l CL,b l NL;b H CL,b NLb vs CLb s CLb
Cucurbita pepo sev Sys Mos, sev St; (CL)b,c Sys Mos; NL,b CLb no Sys Inf; vs CLb no Sys Inf; s CLb
a Abbreviations: sev, severe; Sys, systemic; VC, vein-clearing; Mos, mosaic; Mo, mottle; St, stunting; Inf, infection; CL, chlorotic lesions; NL, necrotic
lesions; H, halo around lesions; l, large; s, small; vs, very small.
b Symptoms on inoculated leaf.
c Symptoms that occur occasionally but not always.
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benthamiana leaves infected either by wt CMV or by the
various CMV CP deletion mutants was used to obtain
pellets that were resuspended and analyzed by immune-
specific electron microscopy. Typical CMV particles were
observed in such extracts from plants infected by wt
CMV (Fig. 3A) or CMV containing DSac-Nru (Fig. 3B),
along with starch granules. However, in extracts from
plants infected by CMV containing DSal-Nru, no virus-
like particles were observed (Fig. 3C). By contrast, ex-
tracts from plants infected with CMV containing DSal-
Nru* showed the presence of two types of virus-like
particles, different in size and appearance from wt CMV
particles (Fig. 3D vs Fig. 3A). Thus, the 15-amino-acid
deletion present in the CP encoded by DSac-Nru still
allowed the formation of virus particles. However, the
26-amino-acid deletion present in the CP encoded by
DSal-Nru did not allow the formation of detectable virus
particles, while the modifications present in DSal-Nru*
(Fig. 1) allowed the encoded CP to form virus particles of
two types.
FIG. 2. Symptoms of Fny-CMV and various capsid protein mutants. (A) Chenopodium quinoa leaves, (B) Nicotiana tabacum plants, and (C) Cucurbita
pepo leaves not inoculated (healthy) or inoculated with either Fny-CMV (wt) or CMV containing the capsid protein mutants DSac-Nru, DSal-Nru*, or
DSal-Nru were photographed at 5 (A), 12 (B), or 6 (C) days postinoculation. Lesions on inoculated leaves of tobacco (B) and cotyledons of squash
(C) are indicated by arrows. Pinpoint necrotic lesions produced by DSal-Nru on squash (C) are not visible in the photo.
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Virus-like particles were isolated from N. benthamiana
plants infected by wt CMV or CMV containing either
DSac-Nru or DSal-Nru*. These particles were electro-
phoresed on an agarose gel that allows migration of
CMV particles based on the surface charge and hydro-
dynamic volume of the particles, rather than on their
density or molecular mass. As can be seen, CMV
containing DSac-Nru showed an electrophoretic mobility
similar to that of wt CMV (Fig. 4), while the CMV contain-
ing DSal-Nru* yielded two electrophoretic forms, one
of which migrated similarly to wt CMV and the other
forming a broad, diffuse zone and migrating much faster
(Fig. 4).
The yield of virus-like particles from CMV containing
either DSac-Nru or DSal-Nru* was too low to quantify
accurately. Extraction and analysis of RNA from the virus-
like particles did not yield any detectable intact RNA for
CMV containing DSal-Nru*. Although usually no intact
viral RNAs were obtained from this virus source, in
one of four experiments, low levels of viral RNAs with
FIG. 3. Immunosorbent electron microscopy of CMV and various CMV capsid protein mutants. Extracts of plants infected with wt Fny-CMV (A), CMV
containing DSac-Nru (B), CMV containing DSal-Nru (C), or CMV containing DSal-Nru* (D) were clarified and were subjected to ultracentrifugation. The
high-speed pellets were resuspended, applied to grids coated with antiserum to Fny-CMV, stained with uranyl acetate, and visualized by electron
microscopy. Virus-like particles in (A), (B), and (D) are seen (arrows) imbedded in a starch matrix. Particles in (D) are of two different sizes (arrow vs
arrowhead). The bar represents 100 nm.
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a typical CMV profile were obtained from CMV con-
taining DSac-Nru (data not presented). This suggested
that DSac-Nru particles were not as stable as wt CMV
particles.
Kinetics of viral RNA and CP accumulation
Various attempts to isolate CMV containing DSac-Nru
or to transmit the virus from plant to plant at different
times p.i. suggested that virus and/or infectivity were not
as stable 1–2 weeks p.i. as those for wt CMV. Similarly,
the very low yields of CMV containing DSal-Nru* and the
frequent inability to transfer infectivity from CMV contain-
ing DSal-Nru several weeks p.i. (data not presented)
suggested that the CMV RNAs were not stably protected
in plants infected by these viruses. To determine whether
this was indeed the case, the accumulation kinetics of wt
CMV and CMV containing DSac-Nru, DSal-Nru, or DSal-
Nru* were examined in N. benthamiana (Fig. 5).
At 3 days p.i., the inoculated leaves were analyzed for
the presence of CP by Western blotting. CP was detected
at similar levels for wt CMV and the three mutants (data
not shown). Then, systemically infected leaves were an-
alyzed by Northern blot hybridization for the CMV RNAs
and by Western blotting for the presence of CMV CP at
3-day intervals, beginning at 5 days p.i. (Fig. 5). At 5 days
p.i., viral RNAs and CP were detectable in a systemically
infected leaf in a plant inoculated with wt CMV or with
CMV containing either DSac-Nru or DSal-Nru*, but not
for CMV containing DSal-Nru (Figs. 5A–5D, 5G, and 5H
vs Figs. 5E and 5F). The time course of infection by wt
CMV showed some increase in the level of accumulation
of RNAs 1 and 2 between 8 and 11 days p.i. and then a
decrease in the accumulation of these RNAs between 23
and 29 days p.i. The levels of accumulated RNAs 3 and
4 did not change appreciably during this 29-day time
course (Fig. 5A), and the level of accumulated CP in-
creased from 5 to 11 days p.i. and remained steady
thereafter (Fig. 5B). By contrast, the levels of accumula-
tion of all four CMV RNAs of DSac-Nru increased be-
tween 5 and 11 days p.i. and then decreased between 14
and 29 days p.i. (Fig. 5C), while the levels of accumulated
CP reached a plateau between 14 and 20 days p.i. and
decreased thereafter (Fig. 5D). A similar pattern of RNA
accumulation also was observed in the inoculated
leaves of tobacco, although the level of accumulation of
CMV containing DSac-Nru peaked at 5–7 days p.i. (data
not shown). Thus, there appeared to be less accumu-
lated viral RNA and CP present in infected leaves with
time, indicating a lower stability of particles containing
the CP derived from DSac-Nru.
CMV containing either DSal-Nru or DSal-Nru* (Fig.
5E–H) showed different accumulation kinetics from each
other as well as from wt CMV or CMV containing DSac-
Nru (Figs. 5A–5D). First, while the accumulation of RNAs
3 and 4 of CMV containing DSal-Nru reached a peak at
17–20 days p.i. and slowly declined thereafter (Fig. 5E),
the accumulation of RNAs 3 and 4 or CMV containing
DSal-Nru* was relatively constant throughout most of the
time course (Fig. 5G). Second, there was considerable
fluctuation in the level of accumulated RNAs 1 and 2 in
plants infected by CMV containing DSal-Nru vs plants
infected by CMV containing DSal-Nru* (Fig. 5E vs Fig.
5G). Third, the ratios of accumulated RNAs 1 1 2 to RNAs
3 1 4 were lower at each time point in plants infected by
CMV containing DSal-Nru vs plants infected by CMV
containing DSal-Nru* (Fig. 5E vs Fig. 5G). And fourth, the
accumulation profiles of the corresponding CPs were
similar to those of the RNAs 3 and 4, with a peak of
DSal-Nru CP accumulation at 20–23 days p.i. (Figs. 5F
and 5H). However, at the two final time points, the levels
of accumulated RNAs were higher in plants infected by
CMV containing either DSal-Nru or DSal-Nru* than in
plants infected by CMV containing either DSac-Nru (Figs.
5E and 5G vs Fig. 5C). On the other hand, we were never
able to detect virus-like particles in plants infected by
CMV containing DSal-Nru or to extract viral RNA from
virus-like particles isolated from plants infected by CMV
containing DSal-Nru*, even though CP and RNAs were
present in abundance. This suggests the presence of
some type of viral RNA:CP complex for CMV containing
DSal-Nru, which is not a virus particle.
In vitro interactions between RNA and capsid protein
An in vitro CP binding assay was used to determine
directly whether the CP produced by the CMV CP mu-
tants DSac-Nru, DSal-Nru, and DSal-Nru* displayed al-
FIG. 4. Electrophoretic migration of virus-like particles isolated from
plants infected by either Fny-CMV or CMV containing the capsid pro-
tein mutants DSac-Nru or DSal-Nru*. Isolated virus-like particles were
electrophoresed on a 0.7% agarose gel and were stained with Coo-
massie blue. One type of migrating virus-like particle is observed for wt
Fny-CMV and CMV containing DSac-Nru, and two types of migrating
virus-like particles (arrow vs arrowhead) are observed for CMV con-
taining DSal-Nru*. T, the top of the gel; B, the bottom of the gel.
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tered RNA binding characteristics. Proteins were ex-
tracted from N. benthamiana plants infected by either wt
CMV or CMV containing the various CP mutants, and the
proteins were fractionated by SDS–PAGE and blotted to
nitrocellulose membranes. Preliminary blots, immuno-
probed with antiserum specific to CMV CP, were used to
equalize the level of CP for all four samples (Fig. 6A).
Sister protein blots then were probed with 32P-labeled
CMV RNA 3 to determine whether there were differences
in RNA binding capability by the CPs. As can be seen
(Figs. 6B and 6C), the CP of the mutant DSac-Nru bound
RNA with a slightly reduced affinity to that of the wt CMV
CP. However, the CP of both mutants DSal-Nru and
DSal-Nru* bound RNA with much less affinity than wt
CMV CP or CP of DSac-Nru (Figs. 6B and 6C). Washing
the blot with NaCI up to 0.3 M did not appreciably
change the relative RNA binding profile, but it did reduce
the total percentage of RNA remaining bound (data not
shown). Some variation was seen in the binding of RNA
to CP from DSal-Nru vs DSal-Nru* in different experi-
ments (Fig. 6B vs Fig. 6C). Nevertheless, the overall
pattern of RNA binding remained wt CMV CP . DSac-
Nru CMV CP @ DSal-Nru CMV CP ; DSal-Nru* CMV CP.
DISCUSSION
The data presented here show that the deletion of
some of the basic amino acids within the amino-terminal
26 amino acids of the CMV CP has an effect on virus
stability (Figs. 3 and 5) as well as RNA binding by the CP
(Fig. 6). This indicates that these amino acid sequences
are important in either particle assembly or the stabili-
zation of virions. The CP of the mutants DSal-Nru and
DSal-Nru* were still able to bind RNA and to similar
extents. This might occur because deletions of CP amino
acids 15–40 would result in CP amino acids 41–50 being
juxtaposed next to CP amino acids 1–14, replacing the 5
deleted basic amino acids with 3 basic amino acids (Fig.
1), although not with the same spacing.
Deletion of five of the eight basic amino acids in the
amino-terminal region of the CP of DSal-Nru severely
reduced the binding efficiency of RNA relative to that of
wt CMV CP (Figs. 6B and 6C), and the changes in the CP
FIG. 5. Kinetics of viral RNA and capsid protein accumulation. Total RNAs (A, C, E, G) and proteins (B, D, F, H) were extracted from N. benthamiana leaves
systemically infected with wt Fny-CMV (A, B), CMV containing DSac-Nru (C, D), CMV containing DSal-Nru (E, F), or CMV containing DSal-Nru* (G, H) at the
times indicated days postinoculation (dpi). The samples were analyzed for the presence of either the CMV RNAs by Northern blot hybridization analysis (A,
C, E, G), with a 32P-labeled RNA probe complementary to the 39 200 nt common to each CMV RNA, or the capsid protein by Western blot analysis (B, D,
F, H), using an antiserum specific to the CMV capsid protein. Dots indicate the positions of RNAs 1–4 in descending order.
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sequence of Sal-Nru* did not result in any appreciable
increase in RNA binding. This implies that the changes in
the sequence of the CP of DSal-Nru* vs DSal-Nru did not
increase the affinity for RNA binding, but rather probably
altered the structure of the CP allowing the formation of
quasi-stable virus-like particles for CMV containing
DSal-Nru* (Figs. 3 and 4).
The CP of the mutant DSac-Nru was able to form
virions of lower stability than the CP of wt CMV (Figs.
3–5). This might be because the mutant DSac-Nru has a
deletion of part of the sequences involved in the forma-
tion of the b-hexamer, which has been postulated to
provide strong interactions between hexamer subunits
(Wikoff et al., 1997). The deletion of these and additional
sequences in DSal-Nru may have led to a reduced ca-
pacity to bind RNA as well as the inability of the mutant
DSal-Nru to form stable virions (Fig. 3). However, since
RNA of the mutant DSal-Nru still accumulates (Fig. 5) and
this mutant is capable of systemic infection in some host
species (Table 1), it appears that CP of the mutant DSal-
Nru is capable of forming some sort of nucleoprotein
complex with viral RNA to provide some protection of the
viral RNA and promote systemic infection.
The ability of the mutant DSal-Nru* to again form
virions, although apparently of two different configura-
tions (Figs. 3 and 4), shows that alteration in the CP
structure must have occurred to facilitate encapsidation.
The absence of any sequence changes in the immediate
vicinity of the deletion (Fig. 1) and the absence of any
detectable change in the RNA binding stability of the
mutant DSal-Nru* vs DSal-Nru (Fig. 6) are both consis-
tent with the suggestion that the restoration of virus
assembly is due to changes in the CP sequence that
affect folding of the CP, interactions between subunits, or
both. The Met to Arg amino acid alteration at position 173
of the CP seems the most likely sequence change that
could be responsible for this effect. Based on the align-
ment of CP amino acid residues and secondary structure
predictions for the CMV CP with that of the CCMV CP, as
well as the three-dimensional structure analysis of the
two virus particles (Speir et al., 1995; Wikoff et al., 1997),
CMV CP amino acid 173 should be at the amino-terminal
end of the aGH helix, positioning it on the capsid interior.
While CP is required for systemic infection in viruses
of the family Bromoviridae (Sacher and Ahlquist, 1989;
Allison et al., 1990; Suzuki et al., 1991; Flasinski et al.,
1995; Rao and Grantham, 1995; Schneider et al., 1997),
differences exist in the requirement for CP or virion
formation in cell-to-cell vs long-distance movement (Rao,
1997; Rao and Grantham, 1996; Schneider et al., 1997),
depending on the particular virus. CCMV does not re-
quire CP for cell-to-cell movement, and a CCMV mutant
containing a 76-amino-acid deletion in the amino termi-
nus of the CP could move long distance in cowpea and
N. benthamiana, even though this mutant could not form
virus particles (Schneider et al., 1997). However, the
slower rate of systemic infection relative to wt CCMV
suggests that this CCMV mutant may move long distance
in a phloem-independent manner, i.e., cell-to-cell move-
ment up the stem, as has been observed for certain TMV
CP mutants (Siegel et al., 1962). By contrast, the BMV CP
is required for cell-to-cell movement and two BMV mu-
tants containing deletion of CP amino acids 6 1 7 or 7 1
8 failed to form virions or to move cell-to-cell, which
indicates that the presence of CP per se is not sufficient
for cell-to-cell movement (Rao and Grantham, 1995). On
the other hand, BMV CP mutants containing deletions of
11, 14, or 18 amino-terminal amino acids could form
particles, but failed to infect systemically either C. quinoa
or barley (Rao and Grantham, 1996). However, these
observations are complicated by plant responses, since
the various large, amino-terminal CP deletion mutants
also induced necrotic hypersensitive responses in C.
quinoa. In the case of CMV, CP is required for cell-to-cell
movement (Canto et al., 1997), but the formation of virus
particles is not required for cell-to-cell movement in all
hosts (Table 1; Fig. 2).
While tubules containing BMV particles have been
observed extending from transfected protoplasts (Kasteel
et al., 1997), no such tubules were observed between
infected cells in CMV-infected plants, nor were virus
particles observed in plasmodesmata between CMV-
infected cells (Ding et al., 1995b; Blackman et al., 1998).
Thus it seems unlikely that CMV cell-to-cell movement
requires the participation of intact virus particles.
Earlier work demonstrated that in the absence of CP,
CMV RNA either accumulated very poorly or was turned
over rapidly (Suzuki et al., 1991; Boccard and Baulcombe,
FIG. 6. In vitro binding assay for CMV RNA 3 by the capsid proteins
of Fny-CMV and the various Fny-CMV capsid protein mutants. Total
proteins extracted from infected N. benthamiana plants were fraction-
ated by SDS–PAGE and were blotted to a nitrocellulose membrane. The
membrane was probed either with antiserum specific to the CMV
capsid protein (A) or with 32P-labeled CMV RNA 3 and washed with 0.3
M NaCl prior to autoradiography (B, C). The membranes in (B) and (C)
were from separate experiments. Arrowhead indicates the position of
the 29-kDa prestained marker protein.
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1993). Therefore, it seems that if CP is produced, limited
cell-to-cell movement can occur in some hosts (tobacco,
zucchini squash, and C. quinoa), while in other hosts (N.
benthamiana and N. clevelandii), systemic infection ap-
pears to occur even in the absence of stable virions.
However, the slower rate of systemic infection by mutant
DSal-Nru in N. benthamiana and N. clevelandii suggests
that mutant DSal-Nru may be moving to upper leaves by
cell-to-cell movement, rather than by phloem-assisted
long-distance movement. Such long-distance movement
does not occur with the mutant DSal-Nru in squash or
tobacco (Table 1). This may be due to host responses in
these species, such as those which have been proposed
to prevent further cell-to-cell movement of CMV mutants
initially moving slowly from cell-to-cell (Canto et al., 1997;
Kaplan et al., 1997), or those observed with amino-termi-
nal deletion mutants of the BMV CP (Rao and Grantham,
1996), or due to a requirement for the extra protection
afforded viral RNA within virus particles in these host
species.
To what extent the differences in efficiency of accu-
mulation of RNAs 1 and 2 vs RNAs 3 and 4 (Fig. 5) in
plants infected by CMV containing DSal-Nru-affected vi-
rus movement could not be ascertained. However, the
poor transmission of CMV containing DSal-Nru from
older infected tissues, when RNAs 1 and 2 were further
reduced, supports such a possibility. Moreover, so does
the observation that in solanaceous hosts virus move-
ment either was enhanced or only occurred after further
changes in the CP of CMV containing DSal-Nru to gen-
erate DSal-Nru* (Table 1; Fig. 2). These changes in se-
quence also resulted in the formation of detectable virus-
like particles (Figs. 3 and 4) and enhanced the accumu-
lation of viral RNAs in infected plants (Fig. 5). Thus, we
conclude that although the ability of CP of DSal-Nru* to
bind RNAs may not have been as efficient as that for the
CP of DSac-Nru (Fig. 6), the virus-like particles that
formed were more stable for DSal-Nru* than when CP
came from DSac-Nru. To what extent the two types of
virus-like particles formed in plants infected by CMV
containing DSal-Nru* (Figs. 3 and 4) were different in
stability could not be determined directly, since virus
particles formed from CP of DSal-Nru* were isolated
nonreproducibly and in only low yields from infected
tissues. A reduction in virus yield and alteration in the
packaging profiles were also observed for several BMV
CP mutants still able to form virus particles (Rao and
Grantham, 1996).
The amino-terminal basic amino acids of the BMV CP
have a role in the formation of stable virions, which are
required for systemic infection in several hosts (Sacher
and Ahlquist, 1989; Flasinski et al., 1995; Rao and
Grantham, 1995, 1996). The analogous sequences of the
CMV CP have a similar role. Moreover, the data pre-
sented here indicate that CP sequences adjacent to
those proposed to be involved in RNA binding are in-
volved in the formation of stable virions, but themselves
are not essential for virion formation. The sequences
between CMV CP amino acids 26 and 40 are neither as
well conserved among CMV strains as other CP se-
quences (Shintaku, 1991; Palukaitis et al., 1992), nor par-
ticularly conserved among viruses in the Bromoviridae
(Wikoff et al., 1997), but rather appear to be predomi-
nantly polar amino acids. Thus, further analysis of this
region may provide more insight into sequences affect-
ing virion formation and the production of stable virus
particles.
MATERIALS AND METHODS
Generation of capsid protein mutants
A full-length cDNA clone corresponding to Fny-CMV
RNA 3 (pFny309; Rizzo and Palukaitis, 1990) was used to
make constructs with in-frame deletions in the CP gene.
To generate the mutant pDSac-Nru, pFny309 was di-
gested with SacII followed by treatment with Klenow
DNA polymerase I to create blunt ends. The resulting
plasmid was digested with NruI. The plasmid was then
blunt-end ligated and transformed into Escherichia coli.
Sequencing of the resulting construct revealed that in
fact 9 nucleotides had been removed and the resulting
deletion was from nucleotides 1332 to 1376 (45 nucleo-
tides).
To generate the mutant pDSal-Nru, pFny309 was di-
gested with SalI. Klenow DNA polymerase I was used to
fill in the ends. The plasmid then was digested with NruI.
After blunt-end ligation, the plasmid was transformed
into E. coli. The resulting plasmid contained a deletion
from nucleotides 1299 to 1376 (a total of 78 nucleotides)
encoding CP amino acid residues 15 to 40 (a total of 26
amino acids).
The nucleotide sequence of a spontaneous mutant,
DSal-Nru* (Fig. 1), was determined by RNA sequencing.
Total RNA from DSal-Nru*-infected tobacco plants was
extracted as previously described by Gal-On et al. (1994,
1995). RNA was further purified by precipitation with LiCl
(final concentration 3 M) and dissolved in water. The
entire CP gene was sequenced using a set of primers
(complementary to the following regions of RNA 3: 1371–
1355, 1450–1434, 1651–1633, 1830–1811 and 1947–1931)
with the ‘‘RT RNA Sequencing Kit’’ (Amersham).
Inoculations and plant maintenance
Tobacco (N. tabacum cv Turkish Samsun NN), N.
benthamiana, N. clevelandii, C. quinoa, and squash (C.
pepo cv Black Beauty) plants were inoculated and main-
tained in environmentally controlled chambers at 25–
28°C with a 14-h light/10-h dark cycle. Fny-CMV and the
constructed CP deletion mutants were inoculated as
RNAs transcribed from cDNA clones of Fny-CMV RNA 1,
RNA 2, and the corresponding RNA 3, as described
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previously (Zhang et al., 1994). Sap from infected plants
was used subsequently as inoculum. Plants were ob-
served for up to 2 months for symptom formation. Back
inoculation to tobacco and C. quinoa was used to ascer-
tain whether symptomless systemic infections occurred
in other hosts (data not presented).
Isolation and analysis of virus-like particles
The standard CMV procedure (Palukaitis et al., 1992)
was used to purify virus-like particles except that chlo-
roform was not used. After the second cycle of ultracen-
trifugation, the pellets were resuspended and loaded
onto a 0.7% agarose gel containing TBE buffer. After
electrophoresis for 1 h, the gel was fixed in 10% (w/v)
trichloroacetic acid, stained with 0.03% Coomassie blue
(in 50% methanol/10% acetic acid), and destained in 5%
methanol/7% acetic acid.
Immunosorbent electron microscopy
Specimen grids were sensitized with CMV antiserum
(diluted 1:50) for 1 h at room temperature. Concentrated
extracts from inoculated plants (resuspended pellets af-
ter one cycle of ultracentrifugation) were incubated on
the sensitized grids for 20 min at room temperature in a
moist chamber. Grids were washed four times with wa-
ter, stained with 2% aqueous uranyl acetate, and exam-
ined in a Phillips EM 201 electron microscope.
Kinetics of virus accumulation in N. benthamiana
Plants were inoculated with sap from N. benthamiana
plants that had established viral infections with specified
symptomatology and also showed the presence of the
corresponding size CP by Western blot analysis. Three
days p.i., the inoculated leaves were examined by West-
ern blot analysis for the presence of CP. At 5 days p.i.,
two 5-mm discs were punched from systemic leaves and
both total RNA and total protein were purified from the
same sample. Samples were then taken at 3-day inter-
vals (from 5 to 29 days p.i.) from systemically infected
leaves. Extraction and analysis of both RNA and protein
were done as previously described by Gal-On et al.
(1994, 1995). CMV-specific RNAs were detected using a
32P-labeled transcript complementary to the 39-terminal
200 nt of RNA 3 of Fny-CMV (Gal-On et al., 1994). The
CPs were detected using antisera to denatured CP and
chromogenic reagents (Gal-On et al., 1994).
RNA binding assay
Protein samples extracted from noninoculated plants
and N. benthamiana plants inoculated with the different
CP mutants or with the wt CMV were analyzed by 15%
SDS–PAGE. Three or four identical gels were run at a
time. Proteins were transferred to nitrocellulose (Nitro-
bond, 0.22 mm). One membrane was used for Western
blot analysis and the other membranes were incubated
with the full-length 32P-labeled transcript of CMV RNA 3.
The membranes were blocked first with SSB (50 mM
NaCl, 0.2% Ficoll, 0.02% PVP, 0.02% BSA, 1 mM EDTA, 10
mM Tris–HCl, pH 7.0) overnight at room temperature. The
following day, the membranes were incubated with the
radioactive probe in 20 ml of SSB for 2 h at room tem-
perature. The membranes were washed three times with
SSB containing 300 mM NaCl and exposed to X-ray film.
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